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Precision synthesis of silicon nanowires with crystalline
core and amorphous shell
Timothy D. Bogart, Xiaotang Lu and Brian A. Korgel*
A synthetic route to crystalline silicon (Si) nanowires with an amorphous Si shell is reported. Trisilane
(Si3H8) and Sn(HMDS)2 are decomposed in supercritical toluene at 450 °C. Sn(HMDS)2 creates Sn nano-
particles that seed Si nanowire growth by the supercritical ﬂuid–liquid–solid (SFLS) mechanism. The Si : Sn
ratio in the reaction determines the growth of amorphous Si shell. No amorphous shell forms at relatively
low Si : Sn ratios of 20 : 1, whereas higher Si : Sn ratio of 40 : 1 leads to signiﬁcant amorphous shell. We
propose that hydrogen evolved from trisilane decomposition etches away the Sn seed particles as nano-
wires grow, which promotes the amorphous Si shell deposition when the higher Si : Sn ratios are used.
Introduction
Silicon (Si) nanowires have properties suitable for a wide range
of applications including photovoltaics,1–3 field-eﬀect transis-
tors,4,5 thermoelectric devices,6,7 and lithium-ion batteries.8–10
Solvent-based chemical synthetic routes—solution–liquid–
solid (SLS)11 and supercritical fluid–liquid–solid (SFLS)12,13
methods—have been developed to produce the significant
quantities of Si nanowires needed for many of these appli-
cations. These approaches use a solvent reaction medium, a
reactant for the semiconductor, and metal nanoparticles as
seeds to induce nanowire formation by a crystallization mecha-
nism similar to vapor–liquid–solid (VLS) growth in the gas
phase.14 In SFLS synthesis, a colloidal suspension of metal
seed particles is introduced with Si precursor into a hot, press-
urized supercritical solvent, and so SFLS provides a higher
temperature window than SLS since the reaction medium can
be heated well above its ambient boiling temperature under
pressure. SFLS growth is typically carried out as a semi-
continuous process with nanowires forming in the bulk
volume of the reactor, enabling significant quantities of nano-
wires to be produced. For example, a relatively small reactor
volume of 10 mL can yield hundreds of milligrams of nano-
wires in minutes.13 Gold (Au) has been the most eﬀective and
prominent seed metal for SFLS growth of Si nanowires
because it has good chemical stability, a relatively low eutectic
temperature with Si of 363 °C, and is easy to make in nanocrys-
tal form.15 However, Au is expensive and forms deep electronic
traps in Si,16 which is detrimental to the performance of
electronic and optical Si devices.17–19 As a result, there has
been an emphasis on developing alternative metal seeds for
Si nanowires.15,20–23
Tin (Sn) is an interesting alternative to Au, forming a lower
temperature eutectic with Si at 232 °C with better electronic
compatibility—Sn-related levels lie close to the Si band edge
and Sn impurities are relatively benign in Si.16 Sn has been
used to seed Si nanowires by CVD-VLS growth.3,24–28 For solu-
tion-based Si nanowire growth, colloidal Sn nanoparticles
typically require relatively high molecular weight polymeric
capping ligands,29 which is not ideal for nanowire synthesis.
Recently, we demonstrated SFLS growth of crystalline Si nano-
wires from trisilane (Si3H8) seeded by the addition of the Sn
reactant, bis(bis(trimethylsilyl)amino)tin (Sn(HMDS)2), instead
of pre-synthesized Sn nanoparticles.10 Sn(HMDS)2 decomposes
in the reactor to Sn seed nanoparticles that induce nanowire
growth, which eliminates the preliminary nanocrystal syn-
thesis step. This approach of in situ seed particle formation
has also proven successful for growth of multiwall carbon
nanotubes in supercritical fluids, using molecular precursors
of ferrocene and cobaltocene for iron and cobalt.30–32 In the
multiwall carbon nanotube synthesis, the reaction conditions
and reactant concentrations had a significant influence on
nanotube quality and reaction product ranging from multiwall
carbon nanotubes with highly graphitic shells to solid carbon
fibers.32 Here, we show that the Si nanowire synthesis con-
ditions can be adjusted to yield either crystalline Si nanowires
or Si nanowires composed of a crystalline core coated with an
amorphous Si shell.
Amorphous Si coatings on crystalline Si nanowires have
been shown to provide a variety of advantageous properties to
the nanowires, including reduced surface recombination,
increased light absorption, and enhanced mechanical pro-
perties, which are important for improving performance in
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applications including photovoltaics, transistors, and lithium-
ion batteries.33–38 Existing synthetic methods for Si nanowires
with a crystalline core and amorphous shell produce nano-
wires tethered to a substrate with low yield and typically
use Au seeds, thus limiting their use in practical appli-
cations.25,33,35,36 The synthesis reported here provides a
method for obtaining significant quantities of crystalline-
amorphous core–shell Si nanowires that does not use Au as a
seed.
Experimental details
Materials
All reagents and solvents were used as received without further
purification. Dodecanethiol (DDT, ≥98%), tetrachloroaurate
trihydrate (≥99.9%), sodium borohydride (≥98%), toluene
(anhydrous, 99.8%), ethanol (EtOH, 99.9%), tetraoctylammo-
nium bromide (TOAB, 98%), chloroform, and bis(bis(tri-
methylsilyl)amino)tin (Sn(HMDS)2, lot 10396PKV) (99.8%)
were purchased from Sigma-Aldrich. Trisilane (Si3H8, 100%)
was purchased from Voltaix. (Caution: Trisilane is pyrophoric
and must be stored and handled under an inert atmosphere!)
Dodecanethiol-capped Au nanocrystals (2 nm diameter) were
synthesized following the methods of Brust et al.39 and stored
in a nitrogen-filled gloved box dispersed in toluene at a con-
centration of 50 mg mL−1 prior to use.
Silicon nanowire synthesis
Si nanowires were prepared using either Au nanocrystal seeds
or with Sn seeds generated in situ in the reactor from
Fig. 1 (a) SEM and (b,c) TEM images of Sn-seeded Si nanowires. Most nano-
wires have Sn seed particles at their tips. The HRTEM image in (d) shows the
crystalline core of a nanowire.
Fig. 2 Phase diagrams for (a) Au and Si and (b) Sn and Si. The reaction temperature of 450 °C exceeds both the Au : Si and Sn : Si eutectic temperatures. (c) The for-
mation of Si nanowires from Au seed particles and trisilane. (d) The synthesis of Si nanowires from trisilane via in situ seeding with Sn. (e) With relatively high Si : Sn
ratio, H evolved from trisilane decomposition reacts with Sn seed particles to form volatile tin hydrides (e.g. SnH4 or Sn2H6), etching away the Sn seed particles
during nanowire growth. Under these conditions, Si also deposits heterogeneously on the surface of the nanowires as an amorphous shell.
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Sn(HMDS)2. Au-seeded Si nanowires were synthesized in super-
critical toluene using a flow-through high pressure sealed tita-
nium reactor within a nitrogen-filled glovebox.13 The reactor
was preheated to 450 °C and pressurized with toluene to
6.9 MPa. For Si nanowires a reactant solution of 0.250 mL of
trisilane, 0.550 mL of a 50 mg mL−1 Au nanocrystal dispersion
in toluene, and an additional 0.300 mL of toluene was prepared
in a 1 mL injection syringe. Crystalline Si nanowires without
an amorphous shell were prepared using a reactant solution of
0.250 mL trisilane, 0.116 mL Sn(HMDS)2, and 0.700 mL
toluene. Si nanowires with amorphous Si shells were prepared
with reactant solutions of 0.250 mL trisilane, 0.058 mL Sn-
(HMDS)2, and 0.800 mL toluene. In each case, the reactant
solution was injected at a rate of 3.0 mL min−1 for 1 min with
a closed outlet, causing the reactor pressure to increase to
15.2 MPa. Immediately after injection, the inlet line is closed
and the reactor is removed from the heating block and allowed
to cool to room temperature. The reactor is removed from the
glovebox and opened to extract the nanowires with additional
toluene (∼15 mL). The crude reaction product was precipitated
by centrifugation at 8000 rpm for 5 min and the supernatant
discarded and washed three times by repeated dispersion in a
2 : 1 : 1 chloroform–toluene–ethanol mixture, centrifugation,
and decanting of the supernatant. After purification, the nano-
wires were dispersed in chloroform and stored under ambient
conditions. A typical reaction yields 100 mg for Au-seeded Si
nanowires and 80 mg of nanowires for both Sn-seeded syn-
thesis methods.
Material characterization
Scanning electron microscopy (SEM) images were acquired
using a Zeiss Supra 40 SEM with an in-lens arrangement, a
working voltage of 2 kV and 5 mm working distance. SEM
samples were prepared by drop-casting from chloroform dis-
persions onto a polished silicon wafer. Transmission electron
microscopy (TEM) images were digitally acquired using a field
emission JEOL 2010F TEM operated at 200 kV. TEM samples
were prepared by drop-casting from chloroform dispersions
onto 200 mesh lacey-carbon copper TEM grids (Electron
Microscopy Sciences). Energy-dispersive X-ray spectroscopy
(EDS) line scans were performed with an Oxford Inca EDS
detector on the JEOL 2010F TEM operating in dark field scan-
ning transmission electron microscopy (STEM) mode. X-ray
diﬀraction (XRD) was performed with a Rigaku R-Axis Spider
Diﬀractometer with Image plate detector and Cu-Kα (λ =
1.5418 Å) radiation operated at 40 kV and 40 mA. Samples
were measured on a 0.5 mm nylon loop, scanning for 15 min
with 1° per second sample rotation under ambient conditions.
Diﬀraction data were radially integrated and background scat-
tering from the nylon loop was subtracted.
Results and discussion
Fig. 1 shows high-resolution scanning electron microscopy
(HRSEM) and high resolution transmission electron
microscopy (HRTEM) images of Si nanowires synthesized by
the addition of trisilane and Sn(HMDS)2 into the reactor with
a Si : Sn ratio of 20 : 1. Sn(HMDS)2 decomposes in the reactor
to form Sn nanoparticles that induce SFLS nanowire growth as
illustrated in Fig. 2. The nanowires have diameters ranging
from 80–120 nm and lengths of 1–10 μm. As shown in Fig. 1
and 3, TEM and XRD confirm that the nanowires are crystal-
line. The nanowires also have a significant amount of kinking
and related twin defects. XRD peaks corresponding to Sn are
also observed from nanowires made with relatively low Si : Sn
ratios (∼20 : 1) that did not have amorphous Si shells (Fig. 3b).
Increasing the Si : Sn ratio fed into the reactor to 40 : 1
results in the formation of crystalline Si nanowires with an
amorphous Si shell (Fig. 4). SEM images (Fig. 4a) show nano-
wires with similar dimensions and morphology as those syn-
thesized at lower Si : Sn ratios, but TEM images show that the
nanowires have an amorphous Si shell about 30–50 nm thick
coating a crystalline core ranging from 30 to 70 nm in dia-
meter. Fig. 4c shows a typical TEM image of the interface
between the amorphous shell and the crystalline core of a
nanowire.
Fig. 3 XRD patterns for (a) Sn-seeded crystalline-amorphous core–shell Si
nanowires, (b) Sn-seeded Si nanowires, and (c) Au-seeded Si nanowires with
reference patterns for Sn, Au, and Si. (JCPDS: tetragonal β-Sn 00-004-0673,
Au 00-004-0784, Si 00-027-1402).
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Composition profiles of Si nanowires seeded with Au nano-
crystals and Sn were obtained using dark field scanning trans-
mission electron microscopy (STEM) coupled with energy-
dispersive X-ray spectroscopy (EDS) and compared (Fig. 5).
TEM and SEM data of the Au-seeded Si nanowires are shown
in Fig. 6. The EDS line scans confirmed that both the crystal-
line core and amorphous shell of nanowires made with Sn
seeds are composed of Si. EDS line scans also revealed signifi-
cant Sn in the crystalline core of the nanowires, whereas as
there is no detectable Au in the Au-seeded nanowires. XRD of
the core–shell nanowires seeded with Sn showed no Sn diﬀrac-
tion peaks (Fig. 3b), unlike the Si nanowires without an amor-
phous shell made at lower Si : Sn ratio. TEM also showed that
the nanowires with amorphous Si shells did not have Sn seeds
at their ends, suggesting that Sn seed particles are consumed
during the reaction. At the higher Si : Sn ratio and without Sn
at the end of the nanowires, trisilane decomposition led to
heterogeneous deposition of a relatively thick amorphous Si
on the surface of the nanowires.40
The EDS line scans showed that there is nearly 10 at% Sn in
the crystalline nanowires and 3 at% Sn in the crystalline core
of the core–shell nanowires. This is well above the solid solubi-
lity limit of Sn in Si at the growth temperature of 450 °C,
which is 0.015 at% Sn.41 The (111) XRD peaks observed for the
Si nanowires seeded by Sn are also shifted to slightly lower
diﬀraction angle than expected for diamond cubic Si, consist-
ent with an expanded lattice due to the incorporation of Sn. 10
at% Sn in Si would be expected to shift the (111) peak from
2Θ = 28.44° to 27.88°, which is close to what is observed
experimentally in Fig. 3.42 The Au-seeded Si nanowires made
with a similar Si : Au ratio of 40 : 1 (Fig. 6) had no Au in the
core of the nanowire detectable by EDS and the XRD patterns
index well to diamond cubic Si. The solid solubility of Au in Si
Fig. 5 Dark ﬁeld STEM images of (a) Sn-seeded crystalline-amorphous core–shell Si nanowires, (b) Sn-seeded Si nanowires, and (c) Au-seeded Si nanowires. EDS
line scan shows the presence of Sn in the crystalline core, but not in the amorphous shell of the Si nanowires. No Au was detected in the line scan across the
Au-seeded Si nanowire.
Fig. 4 (a) SEM and (b,c) TEM images of Sn-seeded crystalline-amorphous core–
shell Si nanowires. The nanowires are highly kinked without Sn seed particles
remaining at their tips after synthesis. (d) A HRTEM image showing the lattice
fringes of the crystalline core and the amorphous shell.
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at 450 °C is also very low—less than 0.01 ppm.43 Recent
studies have shown that metal atoms from seeding particles
can incorporate at grain boundaries and crystal defects in
nanowires.44,45 The reason for the significant amount of Sn
incorporation in the Si nanowires here is not clear and
requires further study, but certainly would also contribute to
the loss of Sn at the tips of the nanowires during growth. No
Sn was observed in the amorphous shell of the nanowires.
The absence of the Sn seed is also consistent with etching
by hydrogen during nanowire growth. Rathi et al.24 found that
in their plasma enhanced CVD VLS growth of Si nanowires
with Sn seeds, the H2 plasma reacted with Sn to form volatile
tin hydrides (e.g. SnH4 or Sn2H6) and the loss of Sn would ulti-
mately arrest wire growth. Similarly, it is likely that hydrogen
evolved from trisilane decomposition reacts with the Sn
during the SFLS growth process. While there is suﬃcient Sn in
the reactor to continually seed nanowire growth at the lower
Si : Sn ratio despite some dissolution to the hydrogen, at
higher Si : Sn ratios, hydrogen appears to completely dissolve
away the Sn seeds, thereby contributing to the formation of
the amorphous Si shell.
Conclusions
Sn(HMDS)2 was used for in situ Sn seeding of Si nanowires
from trisilane in supercritical toluene via the SFLS growth
mechanism. TEM showed the presence of Sn particles on the
tips of wires confirming the decomposition of Sn(HMDS)2 into
Sn seed particles. Excess hydrogen produced from trisilane
decomposition at high Si : Sn ratios was found to dissolve away
the Sn seed particle during synthesis, leading in part to the
formation of crystalline-amorphous core–shell Si nanowires.
Dark field STEM imaging and EDS line scans found the
inclusion of significant amounts of Sn in the crystalline
portion of the Si nanowires, unlike the case of the Au-seeded
nanowires. The Sn concentration in the crystalline Si nano-
wires was found to significantly exceed the solid solubility at
the growth temperature.
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